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ABSTRACT

The circuit equations for the inductor driven reil launcher are integrated
numerically wusing a fourth order Runge—Kutta method. Their solution is also
obtained as a perturbation expansion for small resistance. The EMACK
parameters are used to study the results. For high current shots the full
numerical solution agrees with the first order approximation to 3%. For low
current shots they agree to 5%. A very simple zeroth order approximation -
agrees with the full numerical solution to 5% in the high current case and to

3% in the low current case.
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INTRODUCTION

To avoid repetition the initial proposal for this grant is attached as an
Appendix to this Final Report. The work in the grant was to study the circuit
equations for the inductor driven rail launcher. The basic equations are Eq.
(15) of the proposai, which comes from the circuit equation after converting
from time to distance as the independent variable,

L' 2

dV ) = H!
(L°+L'x)v¢—i-{+-2—v +2(R0+Rp)v+2R dev—b .

and the for.e equation

v & =iy, (1)
dx

This is an integro—differential equation for the spced v as a function of the
distance x. It is in a form suitable for a regular perturbation expansion for
smal] resistance,

We introduce dimensionless variables in terms of the <characteristic

parameters of the problem as follows. Let s be a dimensionless length defined

as
x = gs , (2)
where
-
Le - (3)

We introduce a velocity scale ve by

2l _ 2
mvy = Lo’o . (4)
where io is the initial current in the inductor. We define a dimensionless
speed u by

V=an,



and & dimensionless current I by

1=;l-. (5)
[o]

The inductasnce and resistance have a time constant given by

R + R (6)

in verms of which we define an expansion parameter ¢

2g
€ = .
vety (7)

Let k be the resistance ratio

R + R (8)

and q be the dimensionless initial speed

q = qvolvf » (9)
where Yo is the initial speed of the projectile.

In terms of the above variables, Eq. (1) is rewritten as

u
(1 +s)au gu A eu + ek I s du = b ,
ds 2 q
and
9_(u2) L2 (10)
ds

where b is given by

b (1 + q2) E
= e € o
2 g (11)

We integrate the full Eq. (1) using a fourth order Runge-Kutta method and

take the result as the standard for comparison with the approximation scheme
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developed below., We expanu the solution u(s) in an asymptotic series

u = uo(s) + cul(s) + szuz(s) A —— (12)

and substitute the series into Eq. (10), The 1lowest order equation that

results is

1+ S +ul =1+, (13)

This equation is integrated easily to yield

2 2 1
u, = 1 +q° - I+ s °

and

I = . (14)

The 1lowest order approximation u, amounts to neglecting the resistance
completely. Then the kinetic energy gained by the projectile is given by the
drop in the magnetic energy stored in the system inductance LO+L'x. Despite
its simplicity, the speed of Eq. (14) agrees rather well with the Runge-Kutta
solution. It overestimates the speed, but the error is not much greater than
other errors that are inherent in determining what are the correct parameter

values to use to simulate the experimental situation.

The error 1is reduced if we calculate the first order correction ug from

the equatiovn

d Y
T [(1 + s)uoull =-u,*+q-k Iq s du . (15)

After some straightforward integrations we obtain



(x - (v, - @ [k +2(14¢) (1 =k ~k(1+s)]  r(r+u ) (r—q)
= ln[ 0 ] +

us = +
1 u, 2(1+q2)3772 u (s + 1) (r—uo) (r+q)
klu_(1+s) - q]
& 377
2(1+¢") u°(1+s)
with the first order speed given by
v=ve {u + ul) (16)

Conclusion

Below we present the numerical results of the full Runge-Kutta

integration, spd R-K, compared with the first approximation
spd first = veu o, and the second approximation
spd second = ve(a +eug). The results are presented in the tables that
follow for the EMACK rail gun1 shots 1-5. The parameters Lo' L',
R0+Rp. R', m, ic. etc. are given above each table.

Table I contains the results for shot 1, It is the least accurate case
because Of the low current which leads to a relatively large value of €. In

this case spd first is 8% above spd R-K while spd second is 4% above spd R-K.
For the other shots the current is larger and the errors are reduced. The
value of s5pd second is off from spd R-K by only 3%. It is remarkable that spd

first, which from u, and neglects the resistance entirely is off by only 5%.
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EMACK shot nusber 1

LO = 0.3500E-O3H,
RO+Rp = 0.271E-O4ocha,
eaass = 0.193£+00Kg,

 i0 = 0.S00E+06A,
apsilon = 0363936

. time
0. 00ODOE+00
20.506T7E-0T
Io.10::7e—02
0.1%5)191E-02
0.2025SE-02
0.25719E-02
0.303B3E-02
~0.35446E-07
*0.40510E-02
0.45573E-02
0.50636E-02
0.5%55700E-02
0.60763E-02
) 0. 65B26E-02
0.708%0E-02
0.75953E~-02
0.81016E-02
0.8608B0E-02
0.91143IE-02
i0.96206E-02
0.10127E-01
- 0.10633E~01
. 0.11140E-01
0.11646E-01
- 0.12152E-01
M 0. 12659E-01
0. 13165E-01
0. 13671E-01
0.14178E-01
0. 14685E-01
0.15191E-01
) 0.15698E-01
0. 16204E~01
0.16711E-01
0.17217E-01

position

0. 0ONONOE+
¢.S337SE-02
0. 21728E-C1
.47879C -1
0.8B4977E-C1L
0. 12245SE+00
0.19017E+00
0.25792e+00
0.TZ572E+00
0.42213E+00
0.52006E+00
0.62621E+400
0.74134E+00
0.B846918E+00
0.99743E+00
0.11778E+01
0.12860E+01
0.14418E+01
0.16047E+01
0.17745E+01
0.19S092E+401
0.21336E+01
0. 2I222E+01
0.29164E+01
D.271&1E+01
0.29207E+01
0. 212028401
0.237441E+0
0.35622E+01
0.37843E+01
0. 40102E+01
0.42295E+01
0.44720E+01
Q.87076E+01
0. 47450E+01

O

L1 = O.585E-06H,
k1 = 0.450t-O4oha,
barrel length =

spd R
(. OOO0O0E+00
(Al ) 0
0. 126135E+03
0. 18B66E+0T
0. 2505BE+0C
0.T1176E403
0.Z7206E402
0.43134E+0T
0. 489456E+03
0.54631E+02
0.60177E+03
0.6S5STS75E+03
0.70815E+03
0.7S890E+03
0. BO793E+03
0.BoLS19E+0T
0. 0DOL4E+0T
0.94426E+03
0. 98601E+03
0. 10259E+04
0. 10639E+04
0.11001E+04
0. 11245E+04
0.11671E+04
0.1197%E+04
0. 12270E+04
0. 12544E+04
0. 12802E+04
0. 13044E+04
0.13Z271E+04
0. 174B4E+04
0. 1T6BIE+04
0. 15869E+04
0. 14042E+04
0. 14203ZE+04

TABLE 1

9= 49.55a»

tl = 0.1835E+00s
5.00am

vO = 0.000E+00m/s, vé =

spd second
0. O0O000E +00
0.63210E402
0.12613E+0.
0.188B66E+07
0.25058E+02
0.31177E+0OT
0.27209E~CJT
0.431415+03
0. 4B960E+07
0.54655E+02
0.60217E+03
0.L5637E+03
0. 70907E+03
0.76022E+03
0.80977E+03
0.BS5769E+03
0.9029SE+0Z
0.94854E+0C
0.99146E+03
0.10327E404
0.10723E+04
0.11103E+04
0.11447E+04
0.11815E+04
0.1214BE+04
0.124646E+04
0.12770E+04
0.13059E+04
0.1Z336E+04
0.13599E+04
0. 13850E+04
0.14089E+04
0.14317E+04
0.14574E+04
0.14740E+04

2531.85a/s

spd ¥irst,
0. O0000E «OD
0.632352E+02
0. 12630E+03
0. 18901E+03
0.25121E+03
0.31276E403
0.37353E+03
0.433I3I9E+0T
0.49221E+027
0.54990E+03
0.60636E+03
0.66151E+03
0. 71528E+03
0.76762E+03
0.818B47E+03
0.86782E+03
0.91563E+03
0.96189E+03
0. 100646E+04
0. 10498E+04
0. 10913E+04
0.11316E+04
0.11703E+04
0. 12075E+04
0.12433E+04
0.12777E+04
0.13108E+04
0.13427E+04
0.13732E+04
0.14026E+04
0. 14308E+04
0.14579E+04
0.14839E+04
0. 15089E+04
0.15229E+04

Y ilalaia o
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EMACK shot number 2
LO = O,.3500E-05H,
RO+Rp = (.271E-040hm,
mass = 0.225E+00Kg,
10 = O.8B00E+06A,

| epsilon = 0245474

time
0. 00000E+0Q0C
0.33I9PSE-OT
0. 67991E-0T.
0.10199E-0T
0.1359BE-0OT
0. 16998E-0C
0.20Z98E-0Z
C.23797E-0C
0. 27197E-02
0.30596E-02
0.3IIF9SE-02
0.37394E-02
0.40794E-02
0.44193E-02
10. 47592E-02
0.50992E-02
0.54291E-02
0.57790E-02
0.61190E-02
L 0.64589E-07
j0. 67988E-02
0.71387E-02
0.74787E-07
0.78186E-0L
0.B8158SE-0O2
. 0.84985E-CT
lo.88384E-02
0.91784E-02
0.9518SE-CT
0.98586E-02
0.10199E-01
0. 10539E-01
C0.108B79E-01
0.11219E-01
0.11SS9E-01

position

0. 0000OE+QO
0.53586E--00
Q.21272E-0}
C.8792CE-0:
0.BS044E -0
0L.1T28BE 40
0O, 19040E+00
0.25B36E~00
O.2T4627E+00
0. 4239SE+Q0
0.52116E+00
0.62768E+00
Q.74326E+00
0.86763E+00
0. 1000SE+0O1
0.11416E+01
0.12907E+01
0.14474E+01
7.16114E+01
. 17824E+01
0O, 19602E+01
0.21447E+01
O.I7Z46E+01
ML 25T0T7E+C
O.27T2T7E+01
CLIQTGLIE4O
0T TTESOL
. E0BBIE+GH
G.TB1T1IE+O1
C.40480E+0]

r.47745E+01

. AS10SE+01
.47497E+01
n.49919E+01

L1 = O0.583E-06H,
R1 = 0.450E-O40hm,
barrel] length

T ey

g = 8.55m
tl1 = 0, 185E+00s

S.00m

= 0.000E+00m/s, v§ =

spd R-t’
G OU0Q0E+QO
0.94841848E+CT
0. 18802E+07
¢.I2Z126E4CT
S RT3TOE+OT
Q. A6S09E+0T
LSS 2TE+OT
. bG4TR0OEHOT
. TO9TEAOD
0.B1612E+07
0.B82931E+032
0.98036E+0T
0. 10591E+04
0.11355E+04
0.12094E+04
0.12807E+04
0.17494E4C3
0.1415SE+04
0.14788E+04
0. 15Z94E+04
(0. 15973E+04
Q. 16S26E+04
Q. 17051E+04
0.175S1E+04
O, 1BO2SE+04
O.13477£+04
0. 18BF7E g
0O.19297E+04
CLIQ67TE+D4
0.20020E+04
C.2NI6ETE+ DS
O.20676E+04
0O.20970E+04
0O.21244E4+04
O.21501E+04

TABLE 2

spd second
0. 00000E+00
0.94183E+02
0. 18B02E+03
0.28127E+07
0. 37370E+0Z
0. 46511E+03
0,.5552BE+0Z
0.64401E+0T
O 7711ZE+0T
0.81687E+07=
0.8998YE+03
0.9812SE+0T
0.10605E+04
0.11374E+04
0.12121E+04
0.12B44E+04
0. 13543E+04
0.14217E+04
0. 148468E+04
0.15494E+04
0. 16096E+04
0.16675E+04
0.172270E+404
Q. 1776TE+04
N, 18274E+04
N.18VLIE+OV4
O.172T71E+04
0.196787-+04
Q. 201078404
0.20516E+0Q4
0.20907E4+04

O.Z1281E+04

0,21658E+04
0.21979E+04
0. 22T04E+04

I771.24m/s

¥
3.

apd first
0. 00000E+00
0.94224E+02
0. 18817E+07
0.2B162E+03
0.IZ74T3IE+O2
0.46610E+07
0.55671E+03
0. b643599E+03
0.73T78E+03
0.81982E+03
0.90409E+03
0.98641E+0T
0.10667E+04
0.11449E+04
0. 1220BE+04
0. 12945€E+04
0. 13640E+04
0.14351E+04
0. 15020€+04
0. 15b66E+04
0. 16289E+04
0. 146889E+04
0.1746BE+04
0. 18025E+04
0. 183561E+04
Q. 19077E+04
0.19572E+04
0.20049E+04
0.20507E+04
0.20946E+04
0.21369E+04
0.2177SE+04
0.22165E+04
0.22540E+04
0.22899E+04




EMALCK

number 2

LO = 0,3 0E-OSH,
RO+Kkp = 0.271E-0O40hm,
aass = 0.275E+00Kg,

i0 = 0. 120E+07A,

epsilon =

time
). 00N0O0E+0ON
Jo 25056E-0T
2. 50111E-0OT
1.7S166E-0T
2. 10022E-C2
¢.12828E-CC
2. 1S0348E-02
0.17539E-0C
2.20M85E-0O2
0.22550E-02
0.280SSE-02
0.27561E~02
0.30066E~-OQ2
0.32571E-02
0.3IS5077E-02
0.37582E-02
0. 40088E-02
0.42597E-02
0. 45098%-02
0.47608E-02C
0.50109E-02
0.52615E-02
0.S5120E~-07
0.57625E-02
0.60171E-0OT
0.62676E-0T
0.&S141E-02
0.67647E-CD
0.70154E-C2
0.72660E-02
0.7S167E-02
0.77674E-07
0.8018B0OE~ND
0.8268B7E~-02

.0181069

position

T O0OONE 400,
O SETTSEEOT
CUZITTTES O
UL, AT7Q8T 0~ ]
i IES R =
@ L RZESE4 A
UL 1GOSTEACD
0.25836E+00
LLTTAESTEOD
0, §2ATRE+QO
0.S2175E+00
Q. 62847E+Q0
0.74429E+00
0.8689SE+00
0O.10022E+01
0.11427E+01
0.,12972E+01
0.145030 401
0.161S0E+01
0.178467C+01
0.1965ZE+01
0.21501E+01
O.Z7415E+01
0, 2STBE+ 01
LT RIGE+O]
(0 TP R ) 2
RIS I RS W A S
O, Z6022E+01
0, 232E7E+0O1
., ASEFEA R ]
OLA297LEINY
N, 85715E+01

0.47727E+]

L1
R1

vO

nn

0.585E~06H,
CO. 450E-040hm,
barrel length =

S

= 0.000E+00m/s,

spd R-}.
Q. 127B81E+0T
CLI2STIBEA 0T
CL.2B1B1E4 0T
DY 6 T YO e
Q.o Ti58E+ 0T
Q. 73409E4+07
Q.E74468C+0T
¢, PPTOBE4 QT
0. 11090E+043
Q. 12222E+404
0.1222BE+04
0.14402E+04
0.15444E+04
0. 16457E+04
0.17428BC+04
0.18767E4C4
Q.192710+04
0.20179C0+04
Q.2097CE+0A
Q.21766E+04
Q.22ST5E+04
QO.27243E+(04
Q. 27977 I+04
[EIAY R § e SAT:
AIRALTIAR I SIS N
LTINS} I AT
O.2L70T0104

0. 26877E+0C4

. 2R TS
G 3 S e

O, 2307750+ 03
. 235300 +0A

Q.I70T7C404

g = B.55m
ti
00m
vi

spd second

0.
0,
Q.
C.
0.
0.
0
0.
0.
Q.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
O
Q.
)
0
0
0.
0.
0.
)8
0.
€y

O

00Q0O0E+00
1Z780E+0OT
2S51BE4OT
SBIBIE+OT
SOTITE+OT

6715BE4OT

. 75815E+0T

874B2E+0T
GSTISE+0T
11095E+04
12231E+04
13340E+04
14420E+04
15470E+04
16489E+04
17476E+04
18472E+04
1975SE+04
20246E+04
21104E+404
21930E+04
2272SE+404

.27489E4+04

J4222C+404

CDLSTAF+0O4
L2TL0IT4048
L3 T7E+O4

2086T7C+04
Z74L0E+04
SBOZBE+O4
SEe3T1E+04
2F091E+04

. 2598FE+04
L ZONGSE+04

0. 185E+00s

S5116.82m/s

apd first
0. 00000E+00
0.12784E+03
0.25S34E+0T
O.Z8216E+07
0. 3508B00E+02
0.63257E+02
0.75559E+07
0.87680E+07
Q.89F597E+0C
0.1112%9E+04
0.12273E+04
G.1TZ92E+04
0.14432E+04
0. 15544E+04
0.16S76E+04
0.17578E+04
0. 18549E+04
0.19489E+04
0.20398E+04
0.21276E+04
0.22122E+04
0.22940E+404
QO.2T727E+04
(,24485E+04
0.25214C+04
O.2016E+04
0. 26590E+04
0.27229E+404
0.27862E+04
0.28460E+404
0.29036E+04
0.29588E+028
0.30119E+04
0, J062FE+04
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EMACK - sho*t number 4
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Introdpotiop

This proposal is a follow-up to the research the P.I. performed at the
AFATL/DLDL at Eglin AFB under the 1982 USAF-SCEEE Summer Faculty Research
Program. That research idontified the basic research issues involved in
improving the models for the arc plasma produced in electromagnetic rail

launchers with plasma driven projectiles. The results of that research are

surmarized in the final report eontitled PBasic Research JIssues in

Electromagnetic Rail Lesunchers with Plgsmg Priven Projectiles, A copy of that

report is attached as the Appendix to this proposal.

The small scale of a minigrant dictates that a problem of the appropriate
scope be considered. I propose .0 study the behavior of rail launchers as
circuit elements, ane circuwiv propertie’s most directly describe how the
stored electrical energy is converted into kinetic energy of the projectile

and determine the oversll efficiency.
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Provious Work by Other Authors

The ourrent varistions in rail launchers are predominantly of low
frequencies. This ensbles us to limit our treatment to the cass where the
length of the rails is much shorter than the wavelength of the electromagnetic
fields present. Under these conditions the current is uniform as s function
of position along the rails and the distributed capacitance is negligible. We
sre then asble to speak of the roelationship betveen the voltage at the breech

and the current through the rails and plasms.

A further simplification is possible regarding the skin depth. It is
shown in the Appendix that provided that the rail thickness is much smaller
than the rail separation one may take the rail resistance per unit length R’
and the inductance per nunit length L' to be constants independent of the
frequency. From Eq. (56) of the Appendix we get that the breech voltage

Vp(t) dis related to the current i(t) by

Vp(t) = i(t) Ry + d/dt(lyi) (1)
where R, = Ry, + R'x and Ly = L'x, (2)
with Rp equal to the plasma resistance. Here x is the distance from the

breech to the plasma as shown in Fig. 1 of the Appcndiz. The i-V relation
involves the variable x. The equation for it is

» d2x/at? = 172 1042 - 1, (3)
32

This equation is the statement that the magnetic force % L' accelerates

the mass m against a retarding friction f.

The form of Eq. (1) can be understood simply. The voltage drop at the
breech 4is made up of the resistive drop plus the rate of change of the
magnetic flox @ = Lyi = L'xi, The fact that the force on the armature is

1/2 L’iz can be understood by considering the energy into the breech. The

......................................
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poyer into the breech is givea by iVy. From Eq. (1) one readily gets that
ivy = 12y + 4/dt (1/2 L'x1?) « 1/2 L'4? ax/dt. (4

Vo see that the power into the breech goes into a resistive heat loss, an

increase of the magnetic energy (1/2 Lbiz) stored in the rails, and a

third term that gives the rate of doing work on the armature. From this ters

we deduce that the magnetic force om the armature is given by 1/2 L‘iz.

The circuit behavior of the rail launcher is described by Eqs. (1)-(3).
Of course the rails will be part of a complete circuit. The simplest launcher
arrangement consists of a storsge inductor L,, with its resistance R,
connectsd in series with the breech as shown in Fig. 1. Previous steps have

energized the inductor L, so that at t = 0 the current has the value i,.

R,

Fig. 1 Schematic of rail gun. Vp is the breech voltage. The arc has moved

to a distance x from the breech. Lo is a storage indoctor with internal

resistance R,.
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The complets oircuit equetions are then
a/del(Ly + L'z)i] + (R, + Ry + R'x)i = O, (s)

and a2z/dt? = L'42/2a, (6)
where the force of friction has been neglected in eq. (6). The initial
conditions are

i(t=0) =41,, x(t=0) =0,

and dx/dt(t = 0) = v, = (7N
The initial velocity allows for a preaccelerated projectile that is injected
into the launcher with a speed v,. The system of Eqs. (5) and (6) is
nopnlinear and has not been solved analytically in nontrivial cases. Numerical

results are easy to obtain. In fact, Mr. Kenneth Cobd, of AFATL/DLDL, already

has a program to integrate thenm.
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Proyious work by the P.I1,

Some of the work under this proposal would go ianto developing further the
numerical results, The main effort, howvever, vwill go into developing
snalyticsl results. Analytical results are essential to understand how the
solution scalos as the various parameters are varied. The P.J. has aslready

made sufficient progress on this problem that valuable results are almost

assured.

Wo first note that multiplying Eq. (5) by i and using Eq. (6) yields a

single third order equation for x(t),

3 2 2
d4°x dx 4°x dx
(Lo + L'x) E;g + 2L'— d ——7 + 2(R, + RT + R'x) 3—7 = 0, (8)

This equation is to be solved with the boundary conditions of Eq. (7) together

with

L
d—;(:so)- o= (9)

We note that Eq. {8) can be rewritten as

%[(L Lx)—-—z] = dt[ ] +(R, +RP) [%:] +zn'_§: x-:-:—zdt=0

Obviously Eq. (1)) can be integrated once if the R’ term is nigligiblc. This
term would be zero in an ideal rail launcher with supercooled rails., We will

carry along the R’ intogral term and treat it as a perturbation. Integrating

Bq. (10) yields

________________________
................
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2 2 2
d’x L’ dx dx dx
L, ¢+ L’ + — e + + —Q'ZR'I -
(Lo + L'x) 57 + 3 Tl ¢ 2Re v B T (15 o
2 2
L’ r Lyt uv
—— =070 g T2 0 + ’ .
- [ 2 2 o2 ¢ mpvg @ (11)
Eq. (11) follows immediately from conservation of energy, that is
t
Llote? v b =L g ¢ L e 1?4 [ i2(Ry + Ry ¢ Rym)ae. (12)
°

Eqs. (11 and (12) can easily be shown to be equivalent by making use of Eq.
(6). Eg. (11) cannot be integrated further for x(t) even if one neglects the
R’ term. Progress is possible, however, if we go to the energy form. That

is, we introduce the velocity v as a dependent variable,

dx dv dzx
' = -—' — IR
dt dt dtz. (13)

and furthermore use that

to get

v

(Lo + L'x)v av/dx + L'/2 v* + 2(R + Rp)v + 28" [ zdv = b’. (15)
Y%

Eq. (15) is ia a form suitable for a nonsingular perturbation expansion of the
solution where the lowest order can be found exactly. For this we introduce

dimensionless variables wusing the principal parameters of the problem as

scales. The length of the tlill.l , plays an importsnt role in 1limiting the

...............



final projectile velocity. We introduce a dinensionless length X by

s =fx. (16)

Ve introduce a velocity scale vg obtained by letting the initial aceleration

R AL ¥
2m (17)

spply for the distance n to give

vi= V2l = V Lfi i - (18)

We then introduce a dimensionless velocity V by

ve= vV , (19)
and a time scale tg by

t = _I—IV—Ig -
£° 3¢ Vaa bZL'ioz . (20)

A dimensionless parameter h that gives the ratio of rail inductance

external inductance is
b= h/L,. _ (21)

Another dimensionless parameter r is defined by

r =2 te/t,, (22)
where tc is the time scale of the exteraal R-L circuit,
Lo
tg =
R, + Ry (23)

to
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Finally the expansion parameter is given by the ratio of rail resistance to

external and plasma resistance

z-f

TR (24)

Io terms of the dimensionless wvarisbles X aend V and the dimensionless

parsmeters defined above, Eq. (15) is rewritten as

(1 + hX) V dV/4X + b/2 V2 + rV + er J;y XdV = b, (25)
(14
%

2

(]

'hereb-—i-‘-,—zg.l..;i(_!_o_t[).,tvott 5
Lovf 2 2

A nonsingulsr perturbation expansion is set up by substituting the series
V(X) = Vo(X) + eVi(X) + e2Va(X) + --- (26)

into Eq. (25) with the initial conditions

VO(O) = VO/V" ,Vi(O) = 0, i - 1,2..-.. (27)
The results are
(1 + BX)V, dV,/dX + B/2 Vo2+ Vg = b, (28)
\'A -
(1 + BX)(VaVo/dX + Vo 4V1/dX) + BVoVy + tV3 + 1 |  XdVo =0,  (29)
N

"y

v
(1 + BX) (Vo dV2/dX + V1aVy/dX + Vaavy/ak) + B/2 (V2 + 2V, Vy) + V3 + ¢ | Xavy = 0,
o

for the terms of order s°, 31. and ;2 respectively.

S e

O |

e aa



Proposed York

The sequence of Eqs. (28) - (30) is to be solved smalytically as far as

practiocal. The anslytical solution is to be compared vwith s numerical

solution of Eq. (25).

The snslyticsl solution {s off to s solid start Dbecause the P.I. has
obtsined & closed form solutica for 2q (28) in the form I = X(V,). This is

easily obtained by rewriting Eq. (28) as

V. X
VodVo I dx
b -(n/e-rV, I, 1+ BRX - (31)
Wy
¢
A simple integration gives
a?-1 a+1 a- B(1+bVy/r) p/a
14 bX =727 2 .
a“-p“(1+hV,/1) a -1 a+ B(1+nVy/n)/] (32)
where B = (1 + hv‘,/rvg-)"1 and a = (1 + 4hB2/r2)1/2 . (33)

Eq. (32) gives us 3(Vy) for an ideal launcher. Since one cannot invert for
Vo(x), we simply modify Eq. (29) to continue with the asymptotic expansion.

All that 1s needed 1is to consider Vi, V2, etc a3 functions of Vo.
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Budset for Minizzant Proposal
Duration: Juanuary 1, 1983 to December 31, 1983

Salaries, Wages and Fringe Donefits

Manovel A. Huerta, Pri-cipal Investigator
1983 - 1984 ostimated salary 8$35049/9 months

100% time during 1 summer month 3894

Graduate Student Research Assistant

100% time during 3 summer months 2000

Fringe Benefits: 17.33% of faculty salary 675
Jota] of Salaries, Wages and Benefits 6569

Other Direct Costs

Travel costs
to attond meeting of subject related to this proposal 250

Publication Costs 200

Disc Drive (permanent equipment) 550

Software, and/or other equipment to

upgrade microcomputer 136
Jotal Other Direct Costs 1136
Jotal Direct Costs 1105
CIndirect Costs: 60% of MIDC(715S) 4293
Total Budget $11,998

(|

10

®The Coral Gables campus negotiated indirect cost rate for the University of

Miami for fiscal year 6/1/82 to 5/31/83 is 131.0% of Kodified Total Direct

Costs (MTDC). The University is willing to accept an indirect cost rate that
is lower than the negotiated rate. However, if the proposal 1s awvarded, the
University rotains the right to exercise any cost clause or cost regrlation

made a part of the signed agroement,
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